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Abstract. We argue that the sustainable use of natural resources has to be placed in a dynamic
perspective, both in theoretical modelling and in applied research. This can be achieved by
applying endogenous growth theory and other recent advances in dynamic theory. In this
paper we discuss ﬁve contributions that combine the topics of natural resource use and eco-
nomic dynamics. In particular, we show the common features of these contributions, thereby
providing an overview of a very active and promising research area.
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1. Introduction
There are many compelling reasons why environmental and resource prob-
lems should be placed in a dynamic perspective. Traditionally, resource
economics needs to study the dynamics of depletion of natural resources and
environmental services. Current use of non-renewables, such as oil reserves,
determines future resource availability. Renewable natural resources regen-
erate in a dynamic ecological process, which is disturbed by commercial
harvesting activities. Similarly, environmental economics has to deal with
pollution dynamics when pollution entails long-lasting cumulative eﬀects in
soil and marine resources or in the atmosphere. Looking at the impact of
resource scarcity and pollution for the economy as a whole we additionally
ﬁnd that macro-economic dynamics become highly relevant. To oﬀset the
increasing scarcity of natural resources and to promote sustainable devel-
opment, capital accumulation and technological change are essential. In
particular, the development and adoption of new technologies allow
improving resource and abatement eﬃciency. Finally, social dynamics are
important: the behaviour of polluters or natural resource users, as well policy
makers, changes over time because of learning behaviour, or because of
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changing perceptions, the building up of new information, and the reaction
thereupon.
The experience of the world economy with oil prices over the past few
decades illustrates some of the interactions between resource dynamics and
macro-economic dynamics. The present situation shows similarities with the
1970s and 1980s, when oil prices rose sharply and pollution issues entered the
political agenda. In the last 4 years, the increase in oil prices was similar in
scale to the price jumps of 1973–1974, 1978–1980 and 1989–1990, all of which
were followed by worldwide recession and rising inﬂation. However, his-
torical parallels have to be handled with great care. The big recession of the
mid-1970s was not only due to oil shortages but was additionally caused by
other facts like the breakdown of the Bretton-Woods currency system and a
broad uncertainty about the growth perspectives in general. Also, in the
nearer past, price increases of raw materials have been more gradual, giving
households and ﬁrms more time to adjust. The most important diﬀerence to
thirty years ago, however, is that developed countries use half as much oil per
real unit of GDP as in the mid-1970s, thanks to improved energy eﬃciency, a
switch to alternative energy sources, and the shift from manufacturing to
services.
The concern for sustainability provides another illustration of the
interaction between resource dynamics on the one hand and macro-eco-
nomic and social dynamics on the other. After a long process of growing
awareness and changing perceptions of links between resource use, envi-
ronmental problems, poverty and intergenerational fairness, the notion of
‘sustainable development’ is nowadays widely accepted as a main principle
for environmental and development policies. However, the concept of
sustainable development as used in the policy debate and among non-
economists has been far away from the traditional welfare analysis in
economics. Economists have succeeded to bridge a large part of the gap by
taking explicitly into account natural resource constraints on output,
studying resource markets, acknowledging externalities in resource use, and
considering alternative ethical foundations for welfare functions and dis-
counting principles. Accordingly, a large part of the formal literature on
sustainability studies how utility levels can be sustained in a model world
with (non-)renewable resources. Substitution has become the core of
economists’ view on sustainability. Over time, decreasing per capita
amounts of natural inputs have to be suﬃciently compensated for by the
accumulation of man-made inputs. The greater the saving eﬀort of the
present generation is, the more feasible becomes the substitution of natural
resources in production and consumption. The key research question for
economists is to determine the returns and incentives of these sustainability-
enhancing investment activities.
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The dynamics of technological change cannot be ignored in this context:
both as a threat to sustainability (in the guise of resource-using or energy-
using technological change) or as the solution (more eﬃcient resource use,
clean technologies and backstops, i.e. resource-saving technological
change). Understanding the sustainability of long-term development
therefore requires insight into the pace, direction, and determinants of
technical change. The new growth theory that started in the 1990s provides
a modelling framework in which technological change is an endogenous
variable: knowledge – embodied in new capital goods, production processes
and products – is an ultimate substitute for resource inputs, without
making the latter unnecessary. Developing useful new knowledge is costly
and time-consuming, which turns innovation into an economic investment
problem. Theories of endogenous innovation examine the incentives for
innovation in a particular direction (resource-using versus resource-saving),
as well as the opportunity cost of technological change resulting from
crowding out of conventional investment by environmentally-oriented
investment. Technological progress is often modelled as incremental, which
leads to a steady, but possibly moderate improvement of resource eﬃciency.
In addition, we need to look for technology options that bring about a
quantum jump in the eﬃciency of using natural resources. Only with radical
innovations will the economy be in a position to tame the increasing
resource demand in the future, given the rapid economic development
today, for example in China, India, and other emerging economies.
The complexity and breadth of sustainable development requires an even
broader view, as reﬂected in the Millennium Development Goals, where the
reduction of poverty, hunger, disease, illiteracy, and discrimination against
women are the most important issues. In the future, economic analysis will be
increasingly devoted to local community actions, the dynamics of social
norms, and their impact on resource use in smaller groups.
The ﬁve papers in this special issue study diﬀerent aspects of resource
use, economic dynamics, and sustainability. The papers by Egli and Steger
(2006) and Soretz (2006) study the incentives to invest in clean technol-
ogies, in particular in the presence of increasing returns to abatement
activities and uncertainty, respectively. The paper by Cunha-e-Sa´ and Reis
(2006) analyses a discrete jump in technology towards cleaner production.
The empirics of gradual improvement and international convergence in
aggregate energy eﬃciency is studied in the paper by Mulder and De
Groot (2006). Finally, the paper by Noailly, Van den Bergh, and Wit-
hagen (2006) focuses on local communities and how social norms with
respect to resource use evolve there. In the remainder of this article we
discuss the main common elements and a unifying modelling framework
for the ﬁve papers.
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2. Modelling Growth and Pollution
Growth and pollution have been studied extensively over the last decade,
both empirically and theoretically. From an empirical perspective, the
Environmental Kuznets Curve (EKC) hypothesis has been most visible,
although most of the earlier work under this heading looks into the rela-
tionship between levels of income and pollution. Only recently has growth
been explicitly studied (Bradford et al. 2005, Brock and Taylor 2004). The
theoretical analysis builds on the ‘‘endogenous growth’’ literature developed
in macroeconomics (starting with Romer 1986, see Aghion and Howitt 1998
for a broad exposition). The most elementary endogenous growth model, the
‘‘AK model’’, extended for basic environmental and resource aspects, pro-
vides important insights into the links between investment in production
capacity and the resulting economic growth on the one hand, and the pol-
luting consequences of production and environmental policy on the other.
There is still a big gap between the empirical and theoretical literature.
The Environmental Kuznets Curve literature typically aims at characterizing
the relationship between levels of income and pollution without linking
empirical model speciﬁcation to theory or testing for underlying mechanisms.
The theoretical literature normally restricts the analysis to constant growth
(or balanced growth) paths and ignores the richer dynamics emerging from
the empirical EKC studies in which the pollution-income link changes over
time or with income levels.
The papers by Cunha-e-Sa´ and Reis (2006), Egli and Steger (2006), and
Soretz (2006) all further develop the AK model to investigate the relationship
between economic growth and environmental policy. In particular, they
introduce new dynamic elements that allow for a more detailed study of clean
technology adoption, uncertainty, and the link to the EKC.
To give a clear view on how we can start to study environmental economic
dynamics from the canonical AK-model, we ﬁrst brieﬂy review the AK-
approach and then show how clean technology can be modelled, how the
pollution-income link depends on abatement technology, and how uncer-
tainty can matter in this context.
2.1. THE ENVIRONMENTAL AK-FRAMEWORK
The distinguishing feature of the AK model is that aggregate production in
the economy, Y, is linearly related to a broad measure of reproducible cap-
ital, K, in the following way:
Y ¼ AK: ð1Þ
Accordingly, the marginal product of capital is given by A; it determines the
rate of return and incentives to invest. The aggregation of all relevant
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man-made capital goods into one stock variable that is linearly proportional
to output simpliﬁes the analysis considerably.
To incorporate environmental aspects into the AK-model, pollution can
be modelled as a by-product of either inputs (K) or consumption (C);
abatement expenditures (E) are assumed to reduce pollution for given pol-
luting input levels. Hence, the general formulation for the pollution gener-
ating process can be written as:
P ¼ pðK;C;EÞ ð2Þ
where pC ‡ 0, pK ‡ 0, pE £ 0 (with the subscripts denoting ﬁrst-order partial
derivatives).
Pollution is assumed to aﬀect (as an externality) both production, through
an eﬀect on productivity level A, and instantaneous utility U, which other-
wise depends on consumption C. Thus we can write:
A ¼ aðPÞ; ð3Þ
U ¼ uðC;PÞ; ð4Þ
where aP £ 0, uC ‡ 0, uP £ 0. Growth of output and levels of pollution
are determined by the allocation of total production over consumption,
capital investment, and pollution abatement. Investment in the economy
(dK/dt) and investment in the environment (E) come at the cost of
consumption (C), according to the following goods market equilibrium
condition:
Y ¼ Cþ Eþ dK=dt ð5Þ
Now consider a balanced growth path along which all terms in (5) grow at
the same rate so that the ratios C/Y, E/Y, and (dK/dt)/Y are constant. If the
pollution generating process in (2) has properties such that we can write it in
the following speciﬁcation:
P ¼ pðK=E;C=E; 1Þ; ð6Þ
pollution is constant along the balanced growth path, too.1 Thus, with the
linear production function (1) and ‘‘ratio-dependent’’ pollution function (6),
‘‘sustainable growth’’ is feasible: output grows at a constant rate and pol-
lution does not increase. There are no limits to growth in this case. If
preferences are of the Cobb-Douglas type, a balanced growth path is not
only feasible but also optimal with discounted utility maximization, see
Smulders and Gradus (1996). A speciﬁcation for preferences giving this
result is U ¼ ð1 rÞ1½C  ð P PÞ/1r, where P is the critical value of
pollution beyond which welfare cannot be sustained. With additive
preferences, however, e.g. U ¼ ð1 rÞ1C1r þ ð P PÞ/, it is optimal to
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spend a larger and larger part of output on abatement and to invest less
and less in capital accumulation so that the growth process comes to an end
(Stokey 1998).
Analytically, the model deﬁned by (1)–(6) is an extremely convenient
speciﬁcation. Only one stock variable matters, viz. K, and no transitional
dynamics arise. However, the speciﬁcation in (6) might be seen as an overly
optimistic view: doubling capital, consumption and abatement does not
double pollution but in fact leaves pollution unaﬀected. This implicitly
assumes strong learning eﬀects or technological change that oﬀset the ‘‘scale
eﬀect’’, deﬁned as the tendency of pollution to expand with the scale of
economic activity, keeping ﬁxed the production technology and the compo-
sition of output (cf. Brock and Taylor 2005). A standard replication
argument would produce a completely diﬀerent result: doubling all inputs
would double all outputs, like building next to a factory another identical
factory would double pollution. The absence of constant returns to scale calls
for an explanation in terms of increasing returns or technological change.
First, when expanding the scale of the economy the productivity of abate-
ment might increase (or the polluting consequences of capital might dimin-
ish) due to increasing returns: new ﬁrms that enter the economy bring new
knowledge, broaden the scope for learning and experimenting, and might
thus increase the productivity of abatement. Alternatively, over time tech-
nological change may improve the productivity of abatement or may cause
pollution per unit of output to fall.
The environmental growth models by Cunha-e-Sa´ and Reis (2006) and
Egli and Steger (2006) make the learning and technological change eﬀects
that are hidden in (6) more explicit. To connect these papers to the speciﬁ-
cation in (6), we need to disentangle the technology/productivity eﬀect from
the input eﬀect of abatement. Capturing the former by TP and using a simple
iso-elastic speciﬁcation, we specify the pollution-generating process as:
P ¼ K
gE1g
TP
ð7Þ
where g>1.2 In this speciﬁcation, doubling the rival inputs E and K doubles
pollution, but improvements in the technology parameter TP reduce pollu-
tion. To capture learning-by-abating, we assume a positive link from
abatement to technology:
TP ¼ Ec ð8Þ
If c = 1, (7) and (8) gives P ¼ ðK=EÞg which is consistent with (6) and thus
allows for sustainable growth. This justiﬁes the approach in older papers (e.g.
Smulders and Gradus, 1996) and newer ones (e.g. Soretz, 2006).
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2.2. LEARNING-BY-ABATING
Egli and Steger (2006) open up the black box further and are more explicit
about the sources of learning-by-abatement. Their parametric example of the
pollution equation can be written as:
P ¼ C C
dE1dTE
TP
ð9Þ
TE ¼ Ec ð10Þ
where d 2 (0,1). In equation (9), consumption, C, rather than (capital) inputs,
K, is polluting and abatement E has an additive eﬀect rather than a multi-
plicative eﬀect. The consequence of the latter is that we can distinguish more
productive abatement technology (reﬂected in increases in TE) from cleaner
production technology (reﬂected in increases in TP).
3 Equation (10) links
abatement technology improvements to levels of abatement and thus cap-
tures learning-by-abating. As long as c > 0, there are increasing returns so
that abatement costs fall with the level of abatement. When consumption and
abatement grow at a common growth rate, pollution will ﬁrst rise and then
fall. To see this, we rewrite (9)–(10) as:
P ¼ C½1 bCc
b ¼ ðE=CÞcþ1d
Now assume E and C grow at the same rate so that b is a constant. Then, for
small C, P grows, but for large C, P declines. Andreoni and Levinson (2001)
have shown this EKC pattern in a static model with exogenous endowment
from which consumption and abatement (C + E) can be ﬁnanced. Egli and
Steger (2006) ﬁrst demonstrate that when the speciﬁcation of preferences is
appropriately chosen, a corresponding AK-growth model generates a (quasi)
balanced growth path along which E/C is indeed constant and P follows the
EKC pattern. Second, and more generally, incorporating the speciﬁcation in
(9) in an AK-model, the authors can show how the turning points of the
EKC change with technology and preference parameters. Third, they also
make explicit the role of (Marshallian) externalities and the implications for
corrective taxation. For example, learning could take place on the economy-
wide level so that technology TE is determined by economy-wide abatement
and individual small ﬁrms can hardly aﬀect TE and take the level of tech-
nology as given.
SUSTAINABLE RESOURCE USE AND ECONOMIC DYNAMICS 7
2.3. CLEAN TECHNOLOGY ADOPTION
Cunha-e-Sa´ and Reis (2006) are even more explicit about the technological
progress in abatement. They focus entirely on pollution reduction through
changes in technology (increases in TP) and abstract from instantaneous
abatement possibilities (in terms of equation (7), they set g = 1). In partic-
ular, they assume that in order to have less pollution per unit of capital, a
new technology has to be installed. Because of adjustment, technological
change is discontinuous: at discrete times the economy adopts a cleaner
technology, and at periods at which there is no switch to a new technology,
pollution necessarily increases with production. Note that the cleaner tech-
nology is applicable nation-wide, so that we may refer to a ‘‘general purpose
technology’’ (as in Helpman 1998). Although the authors consider a single
adoption only, a series of sequential adoptions could allow for a constant or
declining trend in pollution. This would go along with a sequence of
investment expenditures, which is similar to the ongoing abatement expen-
ditures in the model with ﬂow-abatement E only.
The paper investigates when economies optimally choose to adopt the
cleaner technology and how the change in technology aﬀects growth in the
economy. While the usual EKC literature argues that environmental policy
reacts to growth in income, the reverse eﬀect is actually also important in a
general dynamic equilibrium setting. Indeed, knowing that a cleaner tech-
nology that reduces pollution per unit of capital will be available in the
future, society values capital more than without adoption, which increases
investment and growth. Accordingly, the paper ﬁnds that growth of con-
sumption and capital accelerates prior to the adoption date, while these
variables grow at a constant rate in the absence of adoption.
2.4. UNCERTAINTY AND THE VULNERABILITY EFFECT
In the benchmark model it is attractive to spend on pollution reduction
because it boosts utility and productivity, cf. (3)–(4). Soretz (2006) adds a
third reason to reduce pollution: reductions in vulnerability to shocks. She
assumes expected aggregate production equals AK, as in (1), but actual
income is subject to exogenous shocks, the eﬀects of which are larger the
poorer environmental quality is. In particular, actual output is given by:
Y ¼ K  ½Aþ Pwmdz=dt;
where z is the stochastic variable (following a Wiener process) capturing the
shocks to aggregate income, and v and w are parameters. The bigger Pwv, the
bigger the impact of a given shock dz/dt. Hence w ‘measures the eﬀect of
pollution on vulnerability to shocks. A risk-averse society spends more on
abatement to mitigate the vulnerability eﬀect. This crowds out investment in
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physical capital and tends to reduce growth. However, the risk itself may at the
same time increase savings for precautionary motives. Moreover, higher
spendingonabatementmaystrengthen theproductivity eﬀect (see (3)).Both forces
tend to increase the rateof economicgrowth.Thepaper sortsout thecounteracting
eﬀects and formulates implications for optimal environmental taxation.
3. Spatial Interaction
So far we have ignored the international and spatial aspects of resource
dynamics. Diﬀerent national economies (or diﬀerent local communities) have
their own speciﬁc characteristics, and international (or inter-community)
contacts might give rise to convergence or divergence over time of resource
use patterns. Geographical specialization in resource use may change
resource dynamics directly. Indirectly, resource use is aﬀected by the macro-
economic dynamics stemming from the accumulation of complementary
assets and spatial diﬀusion of new technologies, as well as the social dynamics
related to the spatial spillovers of social rules.
3.1. INTERNATIONAL PRODUCTIVITY CONVERGENCE
Growth and environmental degradation may be decoupled by substitution of
clean for dirty inputs in production. Since such substitution is ruled out in the
one-factor AK production function (1), we need to turn to an extended
standard multi-input production like the following:
Y ¼ AKaLbR1ab; ð11Þ
where A is technology, K capital, L labour, and R a polluting input. With the
example of climate change and air pollution in mind, one can interpret the
polluting input (R) as energy. Pollution generated is proportional to energy,
P = pRR, where pR is the pollution content of energy (e.g. carbon content).
The Cobb-Douglas speciﬁcation in (11) implies a unitary elasticity of sub-
stitution, which is restrictive and perhaps unrealistic, but suﬃces to illustrate
some insights that survive with lower substitution possibilities.
The key diﬀerence with the AK production function is that in (11) there are
diminishing returns to capital and that there is substitution between capital
and pollution (polluting inputs). To explore the implications, we derive from
(11) the following expressions for average productivity of capital and the
amount of pollution per unit of output (which we will label the pollution
intensity):
Y
K
¼ A L
K
 b R
K
 1ab
ð12Þ
SUSTAINABLE RESOURCE USE AND ECONOMIC DYNAMICS 9
RY
¼ A1=ð1abÞ Y
L
 b=ð1abÞ
Y
K
 a=ð1abÞ
ð13Þ
The productivity of capital is no longer a constant A, as it was in (1), but
declines with capital under the standard neo-classical assumption of dimin-
ishing returns to capital (i.e. 0< a ,b < 1). Due to input substitution, capital
productivity increases with energy use (and hence with pollution). Further-
more, in (13) capital is no longer polluting, as it was in (7), but is in fact a
clean substitute for polluting inputs in production. Finally, we note that
technological change (increases in A) reduces the pollution intensity: it
reduces inputs per unit of output and therefore reduces pollution per unit of
output.
Crucial in moving to more sustainable growth is the reduction in energy
use per unit of output. According to (13), this is possible by relying more on
clean inputs, L and K, in production. The question is whether and where this
is possible. We ﬁnd an elementary answer if we close the model by the Solow-
like assumption of a ﬁxed savings rate. A ﬁxed fraction, say s, of output is
assumed to be invested in capital so that capital grows at rate sY/K. Hence
capital grows quickly when capital productivity Y/K is large. Note from (13)
that a large capital productivity Y/K also implies a high pollution intensity. A
fast rate of growth of capital implies that capital productivity falls over time,
see (12), and that pollution intensity falls, see (13). Hence, we arrive at a
convergence result: a high initial pollution intensity implies fast reductions in
pollution intensity over time, and vice versa, low pollution intensities imply
slow reductions in pollution intensity. Countries with diﬀerences in pollution
intensity therefore tend to converge in terms of pollution intensity.
An alternative source of convergence in pollution intensities is technology
diﬀusion. There exist enormous international diﬀerences in technology (total
factor productivity). Poor countries not only have relatively little capital (and
hence high capital productivity Y/K and high pollution intensity R/Y), but
also relatively low technology levels A, which gives scope for imitation and
absorption of foreign technologies, relatively fast growth in A and hence
relatively fast reductions in pollution intensities.
Mulder and De Groot (2006) test the convergence hypothesis for pol-
lution intensities within a production function framework, assuming energy
is the polluting input. In doing so, they compare their results with con-
vergence in labour productivity. They emphasise the importance of studying
dynamics both at the aggregate and sectoral levels, as data aggregation to
single country observations may obscure sectoral convergence. They use
data from 4 main sectors and 10 sub-sectors in manufacturing of 14 OECD
countries in the period 1970–1997. They ﬁrst observe that cross-country
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variation of energy productivity is much higher than that of labour pro-
ductivity. In addition, the authors ﬁnd evidence for conditional convergence
of energy and labour productivities in most but not all sectors of the
economy. It is important to note that the results for b-convergence in their
paper are conditional on country-speciﬁc conditions, so that absolute
international productivity diﬀerences are predicted to persist in the long
run. Notably, in the r-convergence analysis energy productivities are found
to diverge on a macroeconomic level, so that scale, market and policy
eﬀects within countries are conﬁrmed to be essential for the productive use
of resources.
3.2. INTERCOMMUNITY SOCIAL DYNAMICS
Local communities may not only diﬀer with respect to resource availability
and productivity in harvesting, they may also be governed by diﬀerent social
norms concerning cooperation. These norms are subject to their own (social)
dynamics. Studying the interaction between resource dynamics and social
dynamics is rewarding in at least two respects. First, often policy is faced with
a situation characterized by local communities and a spatial distribution of
activities. Second, the need for policy is weakened by the capacity of some of
these systems to spontaneously generate social norms. Especially in relation
to natural resource use, local communities can involve local mechanisms of
monitoring and control, which (partially) replace hierarchical public policy.
The combination of resource dynamics and spatial structure thus is of rele-
vance to the formulation of optimal resource policies or institutional
arrangements.
In the paper of Noailly, Van den Bergh, and Withagen (2006) agents
are assumed to harvest a common pool resource. The agents, who are
either cooperators, defectors, or enforcers, are located on a circle,
observing the actions of their nearest neighbours only. The speciﬁc
assumption is that agents can enforce common harvesting norms by
punishing the defectors not harvesting in a sustainable manner. Thus
the set-up allows for a rich structure of local and global interactions in the
economy; the latter consist of the impact of aggregate harvesting and
the overall stock of the resource on harvesting strategies of individuals.
After providing theoretical results and performing extensive numerical
analysis, the authors conclude that, unlike in the previous literature, the
three strategies can co-exist in a large variety of constellations, while
cooperators are very likely to be present at all times. Furthermore the
authors emphasise that, when resource dynamics are included, cooperative
equilibria become even more likely.
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4. Conclusions
We have argued that studies that combine resource dynamics with macro-
economic dynamics and/or social dynamics provide new insights into the
issues of sustainability, the turning points of the Environmental Kuznets
Curve, technology adoption, protection against environmental disasters,
pollution intensity convergence, and local cooperative behaviour in resource
extraction. We have shown an underlying and unifying framework of mod-
elling production, pollution and abatement for these topics. We expect future
work to deal with a more detailed analysis of diﬀerent types of technological
progress in production and abatement technology, the role of uncertainty
and radical technological change, and the micro-economic foundations of
semi-reduced-form modelling of abatement. We hope that in the future the
links between dynamic theoretical models and econometric time-series or
panel analysis will be further strengthened.
Notes
1. Let s be the savings rate s = (dK/dt)/Y, which is by deﬁnition constant along a balanced
growth path. Then K grows at rate (dK/dt)/K = sY/K = sA = sa(P) = sa(P(K/E,C/E,1)),
which is a constant. Since A is a constant, Y and K grow at the same constant growth rate.
2. The iso-elastic speciﬁcation has the problem that zero abatement (E = 0) implies inﬁnite
pollution (Brock/Taylor 2005, page 1805). Therefore, (7) should be interpreted to hold only
for a minimum level of abatement. A similar problem arises with the iso-elastic learning
function in (8). These undesirable properties can be easily removed by replacing (7) and (8)
by (7¢) P = TP)1K min {1,(E/K))(g-1)} and (8¢) TP = max {T0 ,Ec}, respectively. The
threshold in (7¢) implies that with zero abatement, pollution is proportional to capital and
that a minimum amount of abatement is required before abatement starts to be eﬀective.
The threshold in (8¢) implies that learning starts only for large enough abatement levels. As
long as c = 1 and T0 < K < E, we still ﬁnd P = (K/E)
g.
3. Alternative labels are pollution-augmenting and abatement-augmenting technological
change. The distinction is impossible to make in the Cobb-Douglas speciﬁcation of (7),
exactly like labour-augmenting and capital-augmenting technological change are equiva-
lent in Cobb-Douglas production functions.
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